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The Herpesviridae family of large double-stranded DNA viruses is divided into 72 three subfamilies: the Alpha, Beta, and Gammaherpesvirinae. Several members 73 of the Alphaherpesvirinae, including herpes simplex virus type 1 (HSV-1), exhibit 74 robust neuroinvasive ability (1) . HSV-1 infection begins in epithelial cells but 75 quickly spreads to nerve terminals and invades the sensory and autonomic 76 ganglia by retrograde axonal transport (2). Within these neuronal cells, HSV-1 77 establishes the lifelong, recurrent infection that is characteristic of these viruses. 78
All herpesviruses share a common virion morphology consisting of three layers: 79 nucleocapsid, tegument, and envelope. Herpesvirus nucleocapsids are 80 approximately 125 nanometers in diameter, conform to a T = 16 icosahedral 81 structure, and consist of 162 capsomeres: 150 hexamers, 11 pentamers, and 82 one portal vertex (3). HSV-1 nucleocapsids are estimated to withstand 18 83 atmospheres of internal pressure exerted by the tightly packed 152 kilobase pair 84 genome until the capsid docks at a nuclear pore and releases the DNA into the 85 nucleus (4, 5). Delivery of the viral genome initiates a cascade of gene 86 expression leading to the assembly of nascent virions. 87 88 Extensive efforts have been undertaken to understand herpesvirus capsid 89 assembly and maturation, which includes analyses of baculovirus and cell-free 90 systems (6-11), temperature-sensitive mutants (12, 13) , and three-dimensional 91 reconstructions from cryo-electron microscopy (14) (15) (16) (17) (18) (19) (20) . From this work, an 92 overarching model of HSV-1 capsid morphogenesis has been developed. The 93 major capsid protein (VP5), triplexes (VP19c and VP23), portal vertex (pUL6), 94 and internal scaffold proteins self-assemble into a spherical procapsid within the 95 cell nucleus. There are two types of scaffold proteins: small (pUL26.5) and large 96 (pUL26). Once assembly of the procapsid is complete the catalytic activity of the 97 VP24 protease, housed within the amino terminus of the large scaffold protein, is 98 triggered (21). VP24 cleaves itself from the scaffold and cleaves a release site in 99 the C-terminus of the small and large scaffold proteins, disconnecting them from 100 associated with complexes of pUL25 and pUL17 that radiate outward from the 115 pentamers and serve as tegument binding sites (5, 19, (37) (38) (39) (40) . The VP5 116 monomer is a large, tower-like protein divided into three domains: the upper, 117 middle, and floor. The apical region of the upper domain, which consists of a 118 polyproline loop plus an adjacent sequence that serves as an antibody binding 119 epitope (41), is surface exposed in hexamers and pentamers and does not 120 participate in subunit interactions within the capsid shell. Instead, the apical 121 region is proposed to be important for binding VP26 on hexamers and tegument 122 on pentamers (42) . 123
124
Our studies of herpesvirus neuroinvasion demonstrate that capsid-bound 125 tegument proteins contribute to neuronal transmission and retrograde axonal 126 transport (43) (44) (45) . To examine if the capsid surface participates in these 127 processes, a collection of HSV-1 encoding mutations in the VP5 apical region 128 was made. Initial characterization of these viruses in cell culture revealed only 129 modest changes in propagation, with the exception of a virus mutated at two 130 conserved acidic residues in the polyproline loop. Neither the polyproline loop 131 5 mutant nor a mutant lacking the majority of the antibody epitope was impacted 132 for retrograde axonal transport. Further examination of the polyproline loop 133 mutant indicated that VP5 expression and VP26 incorporation onto capsids were 134 also unimpaired. Using a combination of fluorescence and ultrastructural 135 imaging, we determined that the polyproline loop mutant offers a unique example 136 of a procapsid maturation defect that maps to the external face of the capsid 137 shell. 138
139

RESULTS
141
Mutating VP5 apical region residues impacts herpes simplex virus spread 142 in cell culture. The majority of the HSV-1 major capsid protein, VP5, is integral 143 to the capsid icosahedral structure and its constituent capsomeres. An exception 144 is a small apical region within the VP5 upper domain that is exposed on the 145 capsid surface ( Fig. 1A-C ) and consists of a polyproline loop and a binding site 146 for a capsid-specific antibody (41, 42) . The accessibility of the apical domain 147
indicates it may interface with cellular or viral proteins to promote infection. To 148 assess the importance of the apical region during HSV-1 infection, an alignment 149 of eight alphaherpesviruses was used to inform a mutational approach (Fig. 1D) . 150
Based on sequence conservation, five VP5 mutants were made by two-step 151 RED-mediated recombination in the F strain of HSV-1 (Fig. 1E ). The recombinant 152 viruses exhibited a reduction in cell-cell spread as evidenced by decreased 153 plaque diameters compared to wild-type (WT) virus ( Fig. 2A) . The most severe 154 decrease in plaque size occurred when two glutamic acid residues in the 155 polyproline loop, E846 and E851, were mutated to alanines (EE>AA). These 156 glutamic acid residues, shown on the VP5 crystal structure in magenta and blue 157
in Figure 1A -D, are located in the most apical region of the VP5 monomer ( Fig.  158 1C-D). The decrease in plaque size was only observed when both glutamic acid 159 residues were mutated to alanine, and the defect was rescued when both 160 mutations were repaired ( Fig. 2B) . 161 162 6
The VP5 apical region does not contribute to retrograde viral transport. The 163 capsid-bound tegument proteins, pUL36 and pUL37, are effectors of intracellular 164 capsid transport (5, (43) (44) (45) (46) (47) . To examine if the capsid surface-exposed region of 165 VP5 contributes to its transport on microtubules, primary sensory neurons were 166 infected with the EE>AA and ∆6F10 mutant viruses ( Fig. 1F ). To visualize 167 individual capsids in the process of retrograde axonal transport by time-lapse 168 fluorescence microscopy, the viruses were further modified to encode a mCherry 169 fusion to the maturation protease, VP24 (32). Capsid dynamics were monitored 170 during the first hour post infection (hpi) and continuous periods of retrograde 171 motion (runs) were analyzed for average velocity and distance traveled. The 172 distribution of run velocities were consistently Gaussian for the wild-type, EE>AA, 173 and ∆6F10 viruses (R 2 ≥0.96 for each) and run distances were decaying 174 exponential (R 2 ≥0.98 for each), the latter being consistent with processive motion 175 ( Fig. 3) . These transport dynamics were consistent between the WT and mutant 176 viruses, demonstrating that mutation of the VP5 apical region did not impair 177 microtubule-based retrograde axonal transport. 178
179
The VP5 EE>AA mutant forms intranuclear clusters of capsid proteins. 180
Because the defect underlying the reduction in plaque diameter was not ascribed 181 to defects in retrograde trafficking, de novo capsid production was next 182 examined. Vero cells infected with the mCherry-VP24 variants of the EE>AA and 183 ∆6F10 mutants were examined by live-cell microscopy at 8.5 hpi. As expected, 184 the nuclei of cells infected with either mutant virus filled with diffraction-limited 185 punctae consistent with high loads of dispersed capsids (32); however, the 186 EE>AA mutant also produced large intranuclear structures (Fig. 4A ). These 187 structures were also observed in the absence of the mCherry-VP24 tag but were 188 not evident with WT HSV-1 or a repair of the EE>AA mutant ( Fig. 4B) , 189 demonstrating that the EE>AA mutations induced intranuclear clusters of the 190 capsid VP24 and VP5 capsid proteins. Because these foci were evident by a 191 fusion protein and antibody staining, it suggests these foci were not artifacts of 192 either the VP24 fluorescent tag or fixation. 193 10 the two glutamic acid residues are not required for VP26 binding to capsids. 286 Furthermore, they were dispensable for retrograde axonal transport in primary 287 sensory neurons, as was the antibody epitope portion of the apical region (based 288 on analysis of the ∆6F10 mutant). Given that the VP26 protein is also 289 dispensable for axonal transport (63, 64), we conclude that the bulk of exposed 290 outer capsid surface does not promote this critical component of the HSV-1 291 neuroinvasion mechanism. While the scope of the mutagenesis included in this 292 study does not entirely rule out a role for capsid surface epitopes that contribute 293 to the transport mechanism, it seems likely that the previously identified 294 interaction between pUL25 and the pUL36 tegument protein may be sufficient to 295 confer these dynamic properties to the virus particle (65). These results support a 296 model in which the herpesvirus capsid is a dormant cargo that requires the action 297 of attached tegument proteins to produce the dynamics that underlie productive 298 infection. 299 300 Despite these findings, the polyproline glutamic acid mutant produced small 301 plaques in cell culture, indicating the apical region was not fully dispensable. 302
Further analysis correlated the propagation defect with the formation of focal 303 structures in infected cell nuclei that consisted of clusters of procapsids. This 304 observation was unexpected because it indicated that capsid maturation was 305 delayed: a process dependent on proteolytic processing of the interior scaffold. 306
While the VP5 floor domain faces the interior of the capsid and interacts with the 307 scaffold proteins (66-70), the exterior location of the apical region is inconsistent 308 with it promoting scaffold processing. Furthermore, the VP5 apical region does 309 not participate in inter-capsomeric interactions (14, 15, (17) (18) (19) 62) . Importantly, 310 the persistence of procapsids that was initially indicated by the absence of 311 maturation markers (pUL25, VP26, and exposure the 8F5 epitope) was verified 312 by ultrastructural analysis. The latter revealed the foci to consist of capsids 313 containing large scaffold cores, which are indicative of procapsids (7, 13, 71) . 314
While the acquisition of surface markers could be sterically restricted within foci, 315 the large scaffold cores indicate that the VP24 maturation protease was 316 11 inefficiently activated within these procapsids: an event that does not require any 317 known extrinsic interactions including with pUL25, VP26 or genome 318 encapsidation (7, 32, 72, 73) . 319
320
We note that the procapsid foci of the polyproline mutant were associated with 321 electron-dense material when imaged by transmission electron microscopy, and 322 in this way resembled procapsids in cell-free assembly systems (9, 74). The 323 procapsid foci were also reminiscent of foci observed when VP24 activity is 324 disrupted through mutation or deletion (12, 13, 75) . In contrast, we previously 325 reported a catalytically-inactive VP24 mutant that did not produce procapsid foci 326 (32). Thus, the mechanism driving procapsids to cluster in foci is of interest, as 327 the clusters may represent sites of capsid assembly. Of greater interest is why 328 capsid maturation is sensitive to mutations in the polyproline loop of the VP5 329 apical region. While procapsids in the mutant foci were often seen in a partially 330 assembled state, the defect is inconsistent solely with an assembly defect, as 331 seeing accumulations of procapsids is atypical of wild-type infections. Because 332 angularization of the capsid shell under physiological conditions is dependent 333 solely on VP24 activation, which occurs independently of genome encapsidation 334 (9, 32, 76, 77), we can infer that mutation of the apical region has affected VP24 335 activation. Although speculative, the results are consistent with VP24 activation 336 being enhanced by a cue external of the capsid. Capsids require ATP for shell 337 maturation (78), and the apical domain could respond to ATP or interface with 338 another factor such as the putative chaperone of preassembled capsids, pUL32 339 (79). Interestingly, the mutant foci exclusively consisted of procapsids and B 340 capsids, with procapsids being the predominant species at 8 hpi and B capsids 341 accumulating by 16 hpi. While A and C capsids could be found in proximity to the 342 foci, there was no evidence of DNA-packaging occurring within them. Catalog #FGR-BBT). The latter were generously provided by Dr. David Leib (81). 368
Cultured cells were tested for Mycoplasma contamination with the PlasmoTest 369
Mycoplasma Detection Kit (InvivoGen, Catalog #rep-pt1). Primary sensory 370 neurons were isolated from the dorsal root ganglion (DRG) of embryonic chicks 371 (E9-10) and cultured as whole explants as previously described (82). (retrograde) motion > 0.5 µm were plotted on a histogram as fraction of total 414 particles and run-velocities or run-distances were fit to a Gaussian or decaying 415 exponential curve with a non-linear regression, respectively. More than 150 runs 416
were measured for each virus. Biosciences, Catalog #926-32210) at 1:10,000 and donkey anti-rabbit IRDye 466 680RD (LI-COR Biosciences, Catalog #926-68073) at 1:10,000. The membrane 467 was imaged on a LI-COR Odyssey FC imaging system at 700 nm and 800 nm 468 wavelengths for 3 minutes and 30 seconds each wavelength. Next, the 469 membrane was blocked again with 5% milk in PBS for 80 minutes and then 470 incubated for 1 hour at RT with primary antibody mouse monoclonal αGAPDH 471
[clone 6C5] (Abcam, Catalog #ab8245) diluted 1:500 in 1% milk in PBS. The 472 membrane was washed and then incubated at RT for 1 hour with secondary 473 antibody goat αmouse IRDye 800CW at 1:10,000 and imaged on the LI-COR 474 Odyssey FC imaging system at 700 nm for 3 minutes and 30 seconds. Slides were imaged by confocal microscopy on a Nikon Ti inverted microscope 502 fitted with a 60x/1.49 NA objective as described above. 503 504 Transmission electron microscopy. Vero cells seeded in a 10-centimeter dish 505 were infected at a MOI of 5 for 1 hour and then incubated in DMEM 506 supplemented with 2% BGS and Pen-Strep at 37˚C, 5% CO 2 . At the indicated 507 time post infection, infected cells were rinsed with PBS and fixed in 2.5% 508 glutaraldehyde in 0.1 M cacodylate buffer for 60 minutes at RT. After fixation, 509 cells were scraped into fixative and transferred to an Eppendorf tube. Fixed cells 510 were pelleted at 300 x g for 10 minutes. The cell pellet was enrobed in 5% low-511 melting point agarose (SeaPlaque® Agarose, Catalog #50101) and delivered to 512 the Northwestern University's Center for Advanced Microscopy to be processed 513 for transmission electron microscopy. In brief, the agarose plug was post-fixed 514 with 1% Osmium tetroxide, stained with 0.5% uranyl acetate, dehydrated in 515 ascending grades of ethanol from 30-100%, infiltrated with propylenoxide and 516 embedded in hard resin. Blocks were thin sectioned at 50-60 nm and stained 517 observed by silver staining of a 4-20% gradient denaturing gel. HSV-1 strains 884 used were wild-type (WT), the glutamic acid mutant (AA), and a ∆UL35 mutant 885 (∆35). The latter serves to identify VP26 in the denaturing gel. 886 887 Figure 7 . VP5 expression is not impacted by glutamic acid mutations. (A) 888
Western blots of cell lysates prepared from mock or infected cells. Vero cells 889
were infected with HSV-1 encoding the wild-type (WT) or EE>AA VP5 allele at a 890 MOI of 5. Threefold dilutions of cell lysates, prepared at 8 hpi, were probed by 891 western blot. The HSV-1 tegument protein, pUL37, and cellular GAPDH served 892
as loading controls. The image shown is representative of three independent 893 experiments. (B) VP5 expression was quantitated by densitometry analysis. 894
Individual measurements are normalized to the pUL37 loading control, and the 895 average expression levels are presented relative to the WT sample. The 896
difference was not statistically significant by an unpaired t-test. Error bars 897
represent the standard error of the mean. 898 899 Figure 8 . VP5 EE>AA foci composition is consistent with that of 900 procapsids. Vero cells infected with HSV-1 encoding WT or EE>AA VP5 at a 901 MOI of 5 were fixed at 8 hpi and processed for immunofluorescence using αVP5 902 and αVP26 antibodies. In some instances, the viruses encoded mCherry-VP24 or 903
pUL25/mCherry fusions, as indicated. Scale bar is 10 µm. fully-and partially-formed capsids containing large-core scaffolds consistent with 913 procapsids. C, D, E, F) Infected cells exhibit all capsid species: C) procapsid, D) 914
A capsid, E) B capsid, and F) C capsid. Scale bars are 100 nm (C-F). G and H) 915
Procapsids persist in foci and B capsids are now evident as small-core capsids. 916 I) C capsids (white arrowheads) are present in nuclei but are excluded from foci. 
HSVF-GS5748 pEP-mCherry-in 5' GACCGTTGCGCCTTTTTTTTTTTTCGTCCACCAAAGTCTCTGTGGGTGCGCGCATGGTGAGCAAGGGCGAGGAG 3' 5' CAGGGGCTCCTCCATCCGGTCTCCCGGGGCATCGGCTGCACCACCTCCGCCACCCTTGTACAGCTCGTCCATGC 3'
HSVF-GS6460
pEP-mCherry-in 5' GACCGTTGCGCCTTTTTTTTTTTTCGTCCACCAAAGTCTCTGTGGGTGCGCGCATGGTGAGCAAGGGCGAGGAG 3' 5' CAGGGGCTCCTCCATCCGGTCTCCCGGGGCATCGGCTGCACCACCTCCGCCACCCTTGTACAGCTCGTCCATGC 3'
HSVF-GS6493
pEP-mCherry-in 5' GACCGTTGCGCCTTTTTTTTTTTTCGTCCACCAAAGTCTCTGTGGGTGCGCGCATGGTGAGCAAGGGCGAGGAG 3' 5' CAGGGGCTCCTCCATCCGGTCTCCCGGGGCATCGGCTGCACCACCTCCGCCACCCTTGTACAGCTCGTCCATGC 3' HSV-1 strains used were wild type (WT), the glutamic acid mutant (AA), and a ∆UL35 mutant (∆35). The latter serves to identify VP26 in the denaturing gel. Figure 8 . VP5 EE>AA foci composition is consistent with that of procapsids. Vero cells infected with HSV-1 encoding WT or EE>AA VP5 at a MOI of 5 were fixed at 8 hpi and processed for immunofluorescence using αVP5 and αVP26 antibodies. In some instances, the viruses encoded mCherry-VP24 or pUL25/mCherry fusions, as indicated. Scale bar is 10 µm. 
